Introduction
While many parameters are of fundamental importance to combustion systems, temperature remains one of the most dominant factors. The temperature of a flame characterizes the heat transfer process and controls many of the important chemical and physical processes. Information on the temperature field distribution in combustion systems provides important input for the improvement of theoretical models and the optimization of practical combustion devices. This information is required at a temporal resolution comparable with the time scales of the combustion processes under investigation. It is also desirable that the data be at least of a two-dimensional nature.
Laser diagnostics can provide in situ instantaneous, nonintrusive, and temporally and spatially precise quantitative temperature measurements unrivaled by alternative methods. A variety of laserbased thermometry techniques have been developed; however, most of these are limited to clean combustion environments and have not been optimized to operate in the presence of particles, such as dust, coal, or biomass, with soot being one of the most challenging. This limits the capacity to investigate and understand many systems of practical significance. Therefore, there is a need for development of laserbased thermometry techniques that are suitable for application in particle-laden environments.
One of the most experimentally simple, yet useful, laser thermometry techniques is Rayleigh scattering [1] . However, due to the elastic nature of the process, Rayleigh scattering is limited to very clean, particlefree situations. Filtered Rayleigh scattering has been developed to mitigate this interference, but remains impractical in highly particle-laden flows [2] [3] [4] . Raman-based thermometry has greater capacity to avoid interference from scattering, with coherent anti-Stokes Raman spectroscopy (CARS) being one of the most widely used [5] . CARS is more applicable to luminous and particle-laden flow than most other techniques. However, it has other limitations, such as experimental complexity, and a lack of spatial fidelity compared with other planar techniques [1, 6] .
Among the laser spectroscopic techniques employed in combustion science, laser-induced fluorescence (LIF) is probably the most widely applied [1] . LIF can be used for temperature measurements, offering stronger signals than those from Raman systems. The temperature is deduced from the species population according to Boltzmann distribution. LIF thermometry has most commonly been employed to probe in situ flame radical OH or seeded NO [7] [8] [9] . However, the narrow range of temperature and mixture fraction over which OH exists in a flame limits its general application for thermometry [10] . Likewise, NO-LIF has limitations because it can suffer from background interferences in the presence of soot [9] .
A number of two-line techniques have been proposed and used for different diagnostic purposes. For aqueous systems, the use of two different laser dyes has been proposed [11] . For simultaneous thermometry and velocimetry, the use of liquid crystals has also been proposed [12] . Two-line phosphorescence using ZnO:Zn and ZnO:Ga has also been reported, with claims of short lifetimes enabling a reduction in background interference [13] . Visualization of the gas temperature distribution around flames with the use of two-color LIF has also been recently suggested [14] . However, the feasibility of these techniques in practical flame diagnostics is yet to be demonstrated.
Two-line atomic fluorescence (TLAF) is a two-line technique that offers promise to be a high-quality tool for temperature measurements in sooting and particle-laden flames [1, 15] . TLAF is a laser-based thermometry technique that has many similarities to other LIF-based techniques, but utilizes a seeded atomic species. TLAF involves sequential shifted measurements of the Stokes and anti-Stokes direct-line fluorescence produced from the optical excitation of a three-level system. The flame temperature is subsequently deduced from the ratio of the two fluorescence signals. The frequency shift of the TLAF technique enables filtering to minimize interference from spurious scattering, allowing measurements to be performed in sooty environments. To provide good sensitivity over the temperature range encountered in flames, indium atoms are typically used as the seeded atomic species for TLAF [16] [17] [18] . With some notable exceptions [19] , indium has previously been seeded into the flame as indium chloride dissolved in water.
Despite the potential of the TLAF technique, previous TLAF studies have been limited by poor signal-to-noise ratio (SNR), thus preventing single-shot measurements. The limitation of measuring mean temperature is acceptable in the context of laminar premixed flames; however, such average data are insufficient for study of more dynamic turbulent flames.
With a view to improving the SNR and, hence, the accuracy of the TLAF measurements, the possibility of extending the technique into the nonlinear excitation regime has been examined by the authors [20] . The nonlinear regime TLAF (NTLAF) was shown to provide a superior signal relative to the conventional linear TLAF, leading to a significant reduction of singleshot uncertainty. The present work aims to further improve the signal quality of the NTLAF technique.
The use of organic solvents to enhance spectral line emission in flame photometry was first reported by Berry et al. [21] and has since been widely applied to various flame spectroscopic techniques involving the utilization of flames to convert dissolved samples into optically active entities. A number of previous studies have investigated the effects of the various physical and chemical parameters involved in the enhancement of the spectral line emission with the use of organic solvents in place of water as the seeding medium [22] [23] [24] [25] . The physical effects influence the release rate of the solute into flame by factors such as the rate of evaporation of the droplets and the droplet size distribution. The chemical effects of the organic solvent influence the flame temperature and chemical kinetics directly through the combustion of the solvent in flame. The aim of these previous investigations has been to optimize the spectroscopic techniques by the combined physical and chemical effects of the organic solvents. These previous studies have focused on the improvement of the detection of the samples delivered to the flames, which are often only available in micro quantities.
The present study aims to investigate the potential to improve the signal quality of the NTLAF indium fluorescence images by the use of an organic solvent to replace water as seeding medium. It aims to exploit the physical effects of the organic solvent, with a secondary benefit of providing a small positive chemical influence of the solvent introduced on the properties (in particular the temperature) of the flame. These influences are explored for acetone, isopropanol, methanol, and ethanol, following earlier work to enhance emission in flame photometry [25] . In addition to the effect of the pure organic solvents, it aims to investigate the influence of mixtures of the organic solvent with water on the fluorescence signal. The study then aims to assess the influence of flame stoichiometry on fluorescence signal and on SNR for those organic solvents that are found to have performed most favorably. The fluorescence signal obtained with water as the solvent is used as the reference measurement. A laminar premixed flame is used to provide a uniform flame medium and to avoid the complexities associated with the use of turbulent and/or nonpremixed flames.
Methodology

A. Nonlinear Regime TLAF
For the present study, the species of interest is neutral atomic indium (the TLAF active species). Indium is an attractive thermometry species because it has a good sensitivity over the 800 to 2800 K temperature range, covering most practical combustion scenarios [17] . In addition, both the excitation and detection wavelengths of indium are within the visible range (410.18 and 451:13 nm), where the interferences from the hydrocarbons and other natural combustion species are less pronounced [26] .
The three energy levels of indium relevant to TLAF are shown in Fig. 1 . The Stokes process requires 410:18 nm laser excitation (5 2 P 1=2 → 6 2 S 1=2 transition), and the subsequent fluorescence (6 2 S 1=2 → 5 2 P 3=2 transition) is detected at 451:13 nm. The anti-Stokes process uses 451:13 nm excitation (5 2 P 3=2 → 6 2 S 1=2 transition) and 410:18 nm detection (6 2 S 1=2 → 5 2 P 1=2 transition). A full description of the TLAF theory, especially incorporating the NTLAF, has been presented in a previous publication [20] . In brief, for the NTLAF method, it has been shown that the temperature may be determined as follows:
Here, E 10 is the energy difference between levels, F is the fluorescence intensity, and I is the incident laser energy. The other terms are constants. C S and C A are derived experimentally from the fluorescence versus irradiance plot for the two excitation schemes, while C T is determined via calibration in a premixed flame. The subscripts refer to the transition between the energy levels ( Fig. 1 ). It has previously been shown that the calibration constants are independent of the fuel type and flame composition, within experimental uncertainty, for a range of premixed flames [20] . Given this independence from composition, it is anticipated that the technique will be applicable across the reaction zone of nonpremixed flames.
B. Transformation of Indium during its Passage Throughout the Flame
The process involved in the generation of neutral indium atoms from indium chloride solution are attributed to the following steps [22, 23, [27] [28] [29] .
a. Disintegration of the seeding solution: an aerosol of droplets is formed from the nebulization of the seeding solution.
b. Desolvation of the droplets: the droplets are heated in the flame where the solvent is evaporated to form various metal complexes. Single ions and molecules are predominantly formed from the desolvation of the droplets with low solute concentration, while salt and ion clusters are predominantly formed from the desolvation of droplets with high solute concentration. Neutral or ionized molecules and fragments are subsequently released from the decomposition of the clusters. c. Gas phase ion/molecule and anion/cation recombination reactions: the desolvated ions and molecules undergo different reactions, such as electronion recombination in the gas phase to form a variety of species with competing equilibria. These reactions are highly localized within the flame and are dependent on temperature and the chemical reactions within the region [30] .
The species of interest, namely, neutral indium atom, is subsequently excited via laser irradiance with a species-specific wavelength.
Despite the complexity of the processes involved in the generation of neutral indium atoms in gas phase, the number of the thermally excited atoms within the probe volume can be well described by the Maxwell-Boltzmann distribution law [22, 24] :
Here, the concentration of the neutral atoms in the excited state, N Ã , is governed by the concentration of the neutral atoms in the ground state, N, and the temperature of the flame, T. The ground-state concentration of the neutral atoms within the probe volume is influenced by the effective supply of the solute to flame. The increase in the effective supply of the solute is brought about by factors such as improved nebulizer performance and increased solvent evaporation rate from the droplets. The change in temperature of the flame is directly influenced by the combustion of the seeding solution that is introduced with the solute [23, 25] .
C. Ultrasonic Nebulization
For the present study, an ultrasonic nebulizer is used to disintegrate the seeding solution into an aerosol of droplets. The electronically driven nebulizer utilizes ultrasonic vibrations, whose energy is derived from the piezoelectric transducer [31] , to generate unstable surface waves at the liquid-air interface. The liquid sheet is fragmented and subsequently released into the surrounding air as very fine droplets [31] [32] [33] [34] . This disintegration technique is characterized by fine droplets with a quite uniform size distribution. An empirical equation to estimate the droplet size from the ultrasonic nebulizer is described by Lang [32] : 
Here, D is the median diameter of the droplets, F is the exciting frequency of the ultrasonic nebulizer, σ is the surface tension, and ρ is the density of the liquid. Lang's correlation indicates no dependence of the droplet size on the liquid phase viscosity, which may be contrary to a number of experimental observations [31, 35] . However, previous study has shown that Lang's correlation provides a reasonably accurate estimation when the effect of the liquid viscosity on the droplet size is negligible [33] .
Experimental Setup
A. Experimental Overview
The details of the experimental layout, shown in Fig. 2 , have been outlined in a previous publication [20] . In brief, two Nd:YAG pumped dye lasers are fired with 100 ns separation, to produce the required 410.18 and 451:13 nm excitation beams, with line widths of 0.4 and 0:3 cm −1 , respectively. The two beams are combined and circularly polarized with the use of a quarter-wave plate. The beams are subsequently directed through a cylindrical telescope lens system to produce a coplanar sheet of 4:5 mm thickness, 10 mm above the burner face. The spectral irradiance of each of the sheets is 0:25 MW=cm 2 =cm −1 , which has previously been shown to be in the nonlinear excitation regime [20] . A thick light sheet is used in the current experiment to give improved SNR. The frequency-shifted fluorescence signals are subsequently detected through interference bandpass filters (FWHM ¼ 10 nm, centered at 410 and 450 nm, respectively, 45% transmission) using two gated intensified CCD (ICCD) cameras with fnumber 1.4 lenses, aligned nearly orthogonal to the laser sheet. The camera gate width of 50 ns is synchronized with the opposite wavelength excitation pulse to reject flame emission and elastic scattering. By appropriate image processing software, the resultant images from the cameras are spatially matched using a three-point matching algorithm and then morphed based on the cross correlation from a target image. These processing steps are implemented to ensure the corresponding images from the cameras are overlapped with subpixel accuracy.
B. Burner and Seeding Arrangements
The laminar premixed flat-flame burner, shown in Fig. 3 , was used. This burner provides a uniform, stable environment that enables comparisons to be made between different experimental cases. The burner face measures 50 mm × 50 mm and consists of a series of tubes fuelled with a premixture of natural gas and air. The air acts as a carrier gas to facilitate the seeding of indium. Much of the data presented in the first part of the study are collected when the flame stoichiometry (Φ) is unity. For the second part of the study, the stoichiometry of the flame was adjusted by varying the fuel flow rate at a constant oxidant flow rate to maintain a similar volumetric flow rate (and, thus, a similar seeded-indium concentration). The conditions of the natural gas/air flames used are shown in Table 1 .
The seeder consists of an ultrasonic nebulizer that generates a mist of indium chloride dissolved in the seeding solution. A ballast volume is included between the seeder and the burner to damp any variations in the aerosol generation [36] . The ballast volume is also used to filter out larger droplets and to allow smaller droplets, which will undergo evaporation more readily, to be transported into the flame [23] . Four organic solvents are considered in this paper, namely, acetone, ethanol, isopropanol, and methanol, in addition to water. Selected physical properties at 20°C and 1 atm of the solvents used in the present study are presented in Table 2 . A concentration of 1:5 mg mL −1 is used for all seeding solutions to ensure linearity for the current seeding arrangement [20] .
The temperature of the flames was measured with a fine-wire R-type thermocouple, with a bead diameter of 0:7 mm. The measured thermocouple readings were corrected for radiation losses by applying an energy balance to the thermocouple bead [37, 38] . respectively, from the laminar premixed natural gas flat flame, collected simultaneously under a laser spectral irradiance of 0:25 MW=cm 2 =cm −1 . Each image has been spatially matched and corrected for background and detector attenuation. The images are ∼20 mm high and 50 mm wide, centered at a 20 mm height above burner (HAB). All data is extracted from the central region, as indicated by the dashed area in Fig. 4 , where the indium fluorescence is most uniform.
Results and Discussion
A. Effects of Solvents on Indium Fluorescence Emission
Fluorescence-Solvents
To assess the physical effects of the solvents on the spectral line emission, Fig. 5 presents the data obtained from a 150-shot average of both the Stokes and anti-Stokes fluorescence for the solvents selected. As a reference, the fluorescence signals are normalized with respect to the fluorescence signal recorded when water is used. The concentration of the indium salt was maintained at 1:5 mg mL −1 for all the seeding solutions used. This ensures that any change in the indium fluorescence observed is solely a function of the solvent used, rather than an effect of differing indium salt concentration within the solvents. Additionally, the flame stoichiometry was maintained at unity during the course of the experiment. This makes certain that any change in the fluorescence signal can be attributed entirely to the physical effects, i.e., negligible chemical influence on the properties of the flame. Thermocouple measurements show that the flame temperature varies by less than 40 K with the different solvents, eliminating any influence of this parameter on the fluorescence emission. From Fig. 5 , it is apparent that there is a threefold to fivefold gain in fluorescence signal, when organic solvents (excluding isopropanol) are used instead of water. Acetone and methanol, in particular, are observed to have intensified the fluorescence emission the most. The increase in the emission when organic solvents are used can be explained by the dependence of the nebulizer performance on the viscosity and the surface tension of the solutions [39] . Organic solvents, such as acetone, ethanol, and methanol, have lower viscosity and surface tension values than water (Table 2 ). This eases the disintegration process, allowing droplets with smaller sizes (Table 2) to be generated at a more rapid rate. The droplet sizes are estimated using Lang's correlation (Eq. (3)). Sindayihebura et al. [33] have shown that the effect of liquid viscosity on the diameters of the droplets is negligible for the methanol-water and glycerol-water mixtures used in their investigation. This, combined with the knowledge that the estimated values are well within the range of droplet sizes (1-5 μm) typically generated from ultrasonic nebulization [31] , justifies the use of the Lang correlation for the present study. Additionally, these organic solvents have a higher vapor pressure than water (Table 2) , making the resultant droplets more evaporative and hence leading to a reduction in the amount of droplets persisting into the flame [22] . Together, these factors enhance the disintegration and desolvation process and, hence, the effective supply of the solute, namely indium chloride, into the flame. The increase in the effective supply of the solute leads to an increase in the concentration of indium species in flame. This explains the stronger fluorescence emission observed. It is also interesting to note that, even though isopropanol has more favorable physical properties (lower surface tension and higher vapor pressure) than water (Table 2 ), Fig. 5 shows a drop in the fluorescence emission when isopropanol is used in place of water. The drop in the emission can be explained by the low solubility of the polar indium salt in isopropanol. The nonpolarity of isopropanol, as indicated by the low polarity index [40] in Table 2 , is responsible for this low solubility and leads to a reduction in the transportation of the solute into the flame and hence also the fluorescence emission. This finding indicates that there are limits to the types of organic solvent that can be used to enhance the fluorescence emission from the flame due to the polar nature of the indium chloride salt.
Fluorescence-Organic-Solvent-Water Mixtures
The TLAF process is affected by a combination of processes (Section 2) that produce the TLAF active species. Most of these processes utilize little heat as compared with the heat released in a combustion reaction [19, 23] . An exception to these processes is desolvation, which can consume a significant fraction of the heat content, leading to a 100-150 K cooling of the flame [15, 20] . This reduction in the flame temperature is significant and will change the combustion processes, so should be avoided if possible.
The indium Stokes and anti-Stokes fluorescence are plotted as a function of the volume fraction for the organic solvents within the seeding solution. This is to investigate the feasibility of using an organicsolvent-water mixture whose enthalpy of reaction matches the latent heat of vaporization and also provides a reasonable gain in fluorescence signal. To assess this, the volume fraction of the organic solvent and distilled water within the seeding solution were varied. Again, the concentration of the indium salt within the seeding solution was maintained at 1:5 mg mL −1 . Figure 6 presents the data obtained from a 150-shot average of both the Stokes and the anti-Stokes fluorescence for four organic-solvent-water mixtures. Figure 6 shows that, for the present burner system arrangement, the fluorescence signals for acetone, ethanol, and methanol (normalized by the fluorescence signal recorded with water) increase with the concentration of the organic solvents within the seeding solution. However, the dependence is not linear. Rather, a sudden increase in the emission occurs when the volume fraction of the organic solvents within the seeding solution exceeds ∼0:8. This observation implies that, even though enhancement is attainable with the use of organic-solvent-water mixtures; almost pure organic solvents are needed to achieve significant intensification. A volume fraction of ∼0:1 (significantly less than the amount required for sufficient intensification) corresponds to the concentration of each of the organic-solventwater mixtures needed to match the enthalpy of the reaction with the latent heat of vaporization of the mixture within flame. Hence, no benefit in using organic-solvent-water mixture was found. Rather, these findings suggest that pure organic solvents should be used. The use of isopropanol as the solvent was found to reduce the fluorescence, consistent with the finding reported above.
Stokes fluorescence has been shown to have a higher SNR than anti-Stokes [20] . Since the temperature is determined from the ratio of the two signals, the latter controls the SNR. Additionally, both Stokes and anti-Stokes are observed to display similar characteristics throughout the present study. Hence, only the anti-Stokes fluorescence results are presented and discussed in the subsequent sections. It is readily apparent from Fig. 7 that the fluorescence increases as the stoichiometry of the flame increases, over the range of 0:9 < Φ < 1:4. This indicates that the neutral indium atoms are produced more effectively when the flame is rich [15, 19, 41] . The process by which the indium is converted into free atoms is dependent on numerous factors, such as the temperature and the chemical conditions. The lower fluorescence signal emission in the lean combustion region is caused by the less suitable chemical condition due to the abundance of oxidizing species. Beyond a stoichiometry of unity, the fluorescence signal is observed to continue increasing, despite a reduction in flame temperature. This highlights the importance of the local chemical environment on the indium fluorescence signal. The chemical conditions beyond Φ ¼ 1:4 are apparently insufficient to counteract the further reduction in temperature beyond this stoichiometry. Figure 7 demonstrates a substantial increase in the fluorescence intensity across the stoichiometric envelope of the flame when the organic solvents are employed. The enhancement is threefold to fivefold across the stoichiometric envelope when acetone or methanol is used, and is higher with methanol. This suggests that the release rate of the solute improves the most with methanol.
The higher gain in the fluorescence emission appears to be explained by the finer methanol droplets relative to acetone and water ( Table 2 ). The surface area per unit volume is inversely proportional to the droplet size. Methanol, which has the smallest droplet size, has the largest surface area per unit volume. The methanol droplets are desolvated at a faster rate than acetone and water droplets, resulting in the highest rate of release of solute and, hence, fluorescence emission, as observed. It is interesting to note that the measured nebulization rate of acetone is ∼1:5 times (volumetric) higher than that of methanol. Furthermore, acetone vaporizes easier than methanol, as indicated by the higher vapor pressure in Table 2 . Together, these findings show that, despite the higher nebulization rate and volatility of the droplets when acetone is used, the effective supply of solute to flame is enhanced the most when methanol is used as seeding solution.
Normalized Fluorescence-Stoichiometry
The anti-Stokes fluorescence signals, normalized by the local maximum fluorescence values, are shown in Fig. 8 . The normalized curves are observed to display similar characteristics over the range of flame stoichiometries presented. The good overlapping of the profiles, despite the differences in the properties of the solvents, suggests that any chemical influence of the organic solvents is small. Rather, the influence on fluorescence signal is dominated by the capacity to supply solute to the flame. The overlap of the profiles also indicates that the profiles are proportional with a factor that is constant over the tested range of flame stoichiometries. This finding further validates the comparisons of the various solvents and solvent-water mixtures at a single flame condition in 
Relative Gain in Signal-to-Noise Ratio-Stoichiometry
To further assess the effectiveness of the organic solvents in enhancing the fluorescence signal, the relative gain in the SNR over the stoichiometric envelope of the flame is presented in Fig. 9 . Error bars (1 standard deviation) are used in the figure to show the variability in the measurements. SNR is defined here as the ratio of the average signal intensity to the interpixel noise. This figure was obtained by comparing the SNR of the anti-Stokes fluorescence images obtained with acetone and methanol with water over a range of flame stoichiometries. Figure 9 shows that methanol and acetone enhance the SNR of the fluorescence image across the stoichiometric envelope of the flame. The gain in SNR is observed to be relatively invariant at ∼1:8 above a flame stoichiometry of ∼1:1. The observed invariant profile appears to be explained by the more efficient neutral indium atom formation process in the fuel-rich region, counteracting the drop in fluorescence signals due to the drop in flame temperature (in accordance with Eq. (2)) in the richer region. Some scatter in the data, coupled with larger error bars, is observable in the lean region of the flame. This is to be expected due to the lack of active indium species in such an environment. laminar flames collected with acetone, methanol, and water as seeding solutions, at a flame stoichiometry of ∼1:55. The histograms demonstrate that the use of the organic solvents provides a significant improvement in SNR, as indicated by reduced temperature span, and the increased probability at the expected temperature (∼1800 K) of the flame. Double-headed arrows are also used to indicate the temperature spans that are associated with 1 standard deviation from the mean. Hence, a reduction in the single-shot uncertainty of the temperature images results.
Conclusion
This paper has compared the potential use of four different solvents, namely acetone, ethanol, isopropanol, and methanol, to replace water as the seeding medium for TLAF. The benefit of the organic solvents is attributed mainly to combined influence of the more favorable physical properties that control the rate at which indium species is seeded into the flame, such as surface tension, solubility, and vapor pressure. Acetone and methanol have been shown to yield the highest gain in the fluorescence signal intensity (approximately threefold to fivefold). No significant benefit is observed with the use of organic-solventwater mixtures. Acetone and methanol have been shown to enhance the SNR of the fluorescence emission throughout the stoichiometric envelope of the flame, with the most significant enhancement (approximately twofold) observed in the rich combustion region. Acetone and methanol have also been demonstrated not to have a detrimental effect on the neutral indium formation process. The identification of the potential of the organic solvents, specifically acetone and methanol, in enhancing the fluorescence signal represents a significant development to support future imaging applications in turbulent or/and sooting flames where the background interferences are expected to be more pronounced.
